Whether the presence of specific receptors on the surface of developing cells is the cause or consequence of lineage restriction is not known. for this study because they are a good source of progenitors for mixed colonies, and the incidence of committed E progenitors in this population is quite low (6). Other considerations were that the cells are actively cycling and are readily infectable with retroviruses (7).
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Our approach was to infect multilineage progenitors with a constitutively activated EPO-R [EPO-R(R129C)] that has been shown to confer growth factor-independent proliferation upon certain hemopoietic cell lines (8, 9) . Infection of mice with a recombinant spleen focus-forming virus (SFFV) expressing EPO-R(R129C) (SFFVcEPO-R) resulted initially in increased platelet and reticulocyte counts and later in the development of leukemia (9, 10) . Infection of committed E progenitors with SFFVcEPO-R abrogates their requirement for EPO but does not abrogate the requirement ofprogenitors for other cytokines (11) . In the current study we infected uncommitted progenitors to test whether E development would be favored over differentiation into other lineages. We also carried out similar studies with wild-type [CSF-1R(wt)] and an activated mutant CSF-1R [CSF-lR(Y969F)]. The results of this study indicate the role of the EPO-R and the CSF-1R is primarily on cell proliferation rather than on the induction of differentiation.
Cells at different stages in development are thought to have different complements of receptors. Whether the appearance of specific receptors initiates a particular developmental sequence is not known. In this study we directly addressed the question: Does the acquisition of a lineage-specific receptor induce differentiation? Retroviral vectors were used to insert receptor genes into multilineage progenitors. Receptors for two lineage-restricted growth factors, erythropoietin (EPO), an erythroid (E) progenitor growth factor, and colony-stimulating factor 1 (CSF-1), a macrophage growth factor, were chosen for study. These receptors represent two different receptor families that are prominent in hemopoietic cells. The EPO receptor (EPO-R) is a member ofthe cytokine receptor family, which includes the receptors for interleukin 2 (IL-2), IL-3, IL-4, granulocyte/macrophage (GM)-CSF, G-CSF, IL-6, and others (1) . The CSF-1 receptor (CSF-1R) is a member of the tyrosine kinase receptor family, which includes c-kit, flk-2, and others (2) . Previous studies have demonstrated that EPO and CSF-1 act on committed progenitors and are not active on early progenitors (3) (4) (5) . If the activation of these lineage-restricted receptors is a key inductive event in commitment, then expression ofthe receptor gene at early stages of development would promote differentiation in that particular lineage at the expense of other lineages. Blast cell colonies cultured from the spleens ofmice injected with 5-fluorouracil (5-FU) 4 days earlier were chosen MATERIALS AND METHODS Viruses. Construction of the SFFVcEPO-R and MPSVcEPO-R (MPSV: myeloproliferative sarcoma virus) retroviruses has been described (9) (10) (11) . Both express the constitutively activated form of the EPO-R, EPO-R(R129C). Retroviruses expressing wild-type human CSF-1R (hCSF-1R) cDNA or hCSF-lR(Y969F) were supplied by M. Rousell and C. Sherr (St. Jude Children's Research Hospital, Memphis, TN) (12, 13) .
Infection and Culture. BALB/c mice were obtained from Charles River Breeding Laboratories. 5-FU (Adria Laboratories) was administered i.v. through the tail vein of mice at a dosage of 150 mg/kg of body weight. Spleen cells were harvested 4 days after 5-FU injection. Methylcellulose culture was carried out as described (14) . Culture medium (1 ml) contained 6 x 105 spleen cells from 5-FU-treated mice, a-medium (Flow Laboratories), 1.2% methylcellulose, 30%o fetal bovine serum, 1% deionized bovine serum albumin, 0.1 mM 2-mercaptoethanol, 100 units (U) of IL-3 per ml, and 100 ng of IL-6 per ml. Blast cell colonies contg Column I, endogenous mCSF-1R expression was assessed by RNA PCR with primer set E. Line 1, uninfected sample; line 2, Zipneo-hCSF-lR-infected sample; line 3, no sample. Column II, expression of exogenous hCSF-1R was assessed by RNA PCR with primer set D. Line 1, uninfected sample; line 2, Zipneo-hCSF-lR-infected sample; line 3, no sample. Column III, expression of EPO-R was assessed by RNA PCR with primer set C. Line 1, uninfected sample; line 2, MPSVcEPO-R-infected sample; line 3, no sample. Column IV, expression of actin was assessed by RNA PCR with actin-specific primers (set F). Line 1, uninfected sample; line 2, Zipneo-hCSF-lR-infected sample; line 3, MPSVcEPO-R infected sample. The same cDNA sample was used for all corresponding PCRs. Hybridization was carried out using an internal end-labeled oligonucleotide, described in the PCR primer sets.
II and III). Following viral infection, hCSF-1R and EPO-R transcripts were present. Equivalent amounts of cDNA were included in all PCR reactions as shown by the actin control (Fig. 1C, column IV) . These results indicated that blast cells do not express EPO-R or CSF-1R genes, that they could be infected with EPO-R(R129C) and CSF-1R retroviruses, and that both retrovirally encoded receptor genes are expressed at the RNA level.
Next the progeny of infected blast cells were examined for evidence ofretroviral integration and expression ofretroviral genes. Blast cells were infected, or not, and cultured in medium containing SF and IL-3. At day 8 mixed colonies were identified and DNA was extracted from individual colonies. Fig. 1A shows that the multipotential colonyforming cells in blast cell colonies are readily infectable with this virus (Fig. 1A) . PCR was carried out with primers specific for the virus and slot blots of the PCR products were probed with an internal end-labeled oligonucleotide. Seven of eight colonies analyzed were infected. The uninfected control sample was negative as was the control sample lacking reverse transcriptase. A control using PCR primers for c-kit showed that the infected and uninfected samples had qualitatively equivalent amounts of cDNA (not shown). Both GM and mixed colonies expressed EPO-R(R129) as determined by PCR of cDNA prepared from these colonies (not shown).
The effect of EPO-R(R129C) on the progeny ofmultipotent progenitors (blast cells) was analyzed in clonal cell culture. Infection did not make progenitors independent of growth Cell Biology: Phaff et al. Proc . Natl. Acad. Sci. USA 91 (1994) We then asked ifEPO-R(R129C) enlarged the E component of multilineage colonies. The composition of the mixed colonies from experiment 2, Table 1 , is shown in Table 2 . The E fraction of mixed colonies obtained from infected cultures was not larger than that of uninfected cultures containing EPO. The average percentage of E cells in mixed colonies from MPSVcEPO-R-infected cultures lacking EPO was 11% as compared to 45% in the uninfected sample cultured with EPO, and 43% in the infected sample cultured with EPO. These results are representative of several similar experiments.
In another group of experiments, individual blast cell colonies were divided into two portions-one was infected and the other was not exposed to EPO-R(R129C). Infection Colonies were scored on day 8. *Individual blast cell colonies were infected, or not, and replated into medium containing IL-3 (100 U/ml) and SF (5 U/ml).
tPostinfection cultures contained IL-3 (100 U/ml).
increased colony size and enhanced the development of GM and E mixed colonies ( Table 3 ). The percentage ofE cells was not increased when compared to an uninfected sample cultured with EPO (not shown). Average colony size was increased 2-fold.
A similar analysis of the effect of the CSF-1R on the differentiation of uncommitted progenitors was carried out. When bone marrow cells were infected with viruses containing either wild-type hCSF-1R or hCSF-1R(Y969F), enhanced development of GM colonies was observed (Table 4) . Infection with either wild-type hCSF-1R or hCSF-lR(Y969F) increased the number of GM colonies from 8 to 20 (P < 0.01 by the Student's t test) in bone marrow cultures containing 2 x 104 cells per ml and 100 U ofCSF-1 per ml. We then studied the effect of exogenous expression of CSF-1R on blast cells and, as expected for a late-acting lineage-specific factor, CSF-1 alone was unable to support the development of GM colonies from blast cells (Table 4) . Infection with either the mutant or the wild-type receptor resulted in a significant increase in colony development when IL-3 was included in the medium, indicating that infection gives progenitors a growth advantage. Since the cultures contained serum, and monocytes produce CSF-1 (17), a small amount ofCSF-1 was probably present in the cultures. Optimal development ofGM colonies required both IL-3 and CSF-1. The effect of the CSF-1R on proliferation and differentiation was further analyzed by infecting individual blast cell colonies. Ten individual colonies were divided in two portions-one was Table 3 . Cultures contained IL-3 (100 U/ml). *, P < 0.01; **, P < 0.02.
DISCUSSION
The first part of our study asks if the expression of an activated EPO-R in an uncommitted cell could induce E differentiation. We demonstrated that pluripotent progenitors could be infected with retroviral vectors expressing EPO-R(R129C) and that blast cells and their progeny, colonyforming unit (CFU)-GM and CFU-mix, express retrovirally derived EPO-R(R129C) as determined by PCR of cDNA prepared from these colonies. We saw no evidence that EPO-R(R129C) could induce E differentiation when inserted into pluripotent progenitors. These results are consistent with classic in vivo experiments in which EPO has been shown to regulate the rate at which committed erythrocytic progenitors become erythroblasts (3, 4) and with other studies that demonstrate that EPO had no effect on pluripotential stem cells (18) (19) (20) .
Conflicting results have been obtained regarding the role of another lineage-restricted receptor c-fms, the CSF-1R, in macrophage differentiation. When the CSF-1R genes, either wild-type or an activated form, were introduced by retroviral infection into long-term mouse cultures, pre-B-cell lines underwent spontaneous and irreversible differentiation to macrophages when transferred from RPMI 1640 medium to Iscove's modified Dulbecco's medium (21) . However, when the hCSF-1R gene was expressed in the stem cell line LYD9, the cells did not differentiate in response to hCSF-1, although they had the capacity to differentiate since they could be induced to differentiate by stromal layers. Transfectants of the myeloid clone L-G3 differentiated into neutrophils in response to hCSF-1 (22 Cultures contained SF (3 U/ml), IL-3 (100 U/ml), CSF-1 (100 U/ml), and EPO (1 U/ml) and were scored on day 9.
Abbreviations as in Thus, it appears that activation of the CSF-1R is not absolutely required for the induction of macrophage differentiation.
As multilineage progenitors differentiate, EPO-R and CSF-1R could be down-regulated (26) or up-regulated (27) posttranscriptionally. Despite the presence of mRNA, we have no evidence that the respective receptor proteins are expressed appropriately. However, since all cell types in infected CFU-mix respond to EPO ( 
